The reported study aims to demonstrate the application of a simple technique, which is referred to as pressure differential injection, to prepare metallic nanowires. This technique relies on the difference in pressure between the inside of sealed nanochannels of an anodic aluminium oxide (AAO) substrate and the ambient atmosphere to inject a molten metal, which is previously deposited on the substrate, into the AAO pores. The application of this technique enabled the fabrication of nanowires in aluminium with diameters comprised between 55 nm and 65 nm.
Introduction
Among the different structures, which have contributed to the advent of the field of nanotechnology, metallic nanowires have played an important role as these one-dimensional components typically exhibit very different physical properties in comparison to their bulk counterparts due to quantum confinement effects. Such characteristics are of specific interest to meet the demand for the development of future miniaturised systems such as electronic and optical devices. In particular, nanowires in aluminium represent a potential candidate technology for the development of high-density and highresolution microelectronic systems and future energy storage devices [1] . Aluminium has the benefits of low melting point, chemical stability, ductility, good electrical conductivity, and reasonable cost.
However, in order to enable further studies of the properties of such nanostructures as well as their scaledup deployment in potential applications, it is important to ensure that their production can be carried out efficiently, reliably, and cost effectively. A number of techniques have been investigated for the synthesis of nanowires such as electrodeposition [2] and chemical vapour deposition [3] . While these fabrication processes enable the manufacture of nanowires in different materials, they have been reported to show a lack of reliability over the control of the uniformity and the length of the produced nanowires [4] . To overcome these issues, the pressure injection method has been utilised successfully to form nanowires in various metals such as bismuth (Bi) [4] , tin (Sn) [5] , and Al [6] . This method relies on injecting a molten metal into the pores of an anodic aluminium oxide (AAO) substrate. In order to fill the AAO channels, external pressure is required for overcoming the surface tension of the molten metal. The necessary pressure can be described by the well-known Washburn equation, which is expressed as follows:
where is the pore diameter of the AAO substrate used, is the surface tension of the metallic melt, and is the contact angle between the template and the molten metal. For a given melt, the applied pressure needed is relatively high, and it increases as the size of the pores decreases. For example, in the case of Sn nanowires, 350 bar and 1400 bar are, respectively, required for pore diameter of 60 nm and 15 nm [5] . In this study, the surface tension of Al is taken as 2 ISRN Nanomaterials = 0.914 N/m [7] and the contact angle, , is considered to be equal to 180 ∘ , which represents a conservative value and will give the upper limit for the pressure required. In this way, the evolution of the necessary pressure to be applied to inject molten aluminium could be estimated as a function of the diameter of the AAO pores as shown in Figure 1 .
To reach such a high pressure range during the nanowire injection process, two main methods have been utilized, namely, gas injection and vacuum hydraulic pressure injection. The gas-assisted injection technique has been used to manufacture bismuth-antimony (Bi-Sb) alloy nanowires 45 nm in diameter [8] , tellurium-(Te-) doped Bi nanowires 40 nm in diameter [9] , and Bi nanowires as small as 13 nm in diameter [10] . The vacuum hydraulic pressure injection technique has been proposed as a simple alternative to the gas-assisted method in order to achieve a higher range of applied pressure values. Sn nanowires with diameter as small as 15 nm [5] as well as Bi nanowires [4] were fabricated with this method. In addition, researchers also investigated the implementation of centrifugal forces applied in vacuum for injecting a lead-(Pb-) Bi melt into the channels of an AAO substrate, which led to the production of Pb-Bi nanowires with a diameter of 80 nm [11] . Sung and coworkers described another alternative injection technique to fill the pores of an AAO substrate, which does not require gas or hydraulic pressure [12] . In particular, the technique consists of using thermal evaporation under vacuum first in order to deposit a thin metallic layer, a few hundreds nm thick, onto the AAO substrate, and then this is followed by heating the film and AAO template above the melting point of the deposited metal under atmospheric pressure. Thus, the injection of the melt into the pores relies on the pressure differential between the outside ambient pressure and the inside of the AAO channels, which are sealed by the metallic film as a result of the thermal evaporation process. Although the technique described by Sung and coworkers led to the fabrication of aluminium nanotubes, the authors believe that by adjusting the process parameters, it could also be used as a simple and cost-effective alternative to existing pressure injection methods for synthesising Al nanowires. Based on the data shown in Figure 1 , a pressure differential below 10 kbar is required to fill melted Al into AAO pores with dimensions of 5 nm and above. Thus, if the value of the atmospheric pressure is taken as 1 bar, then the vacuum required during the initial evaporation process is of 0.1 mbar, which is easily achieved by vacuum systems.
In this context, the objective of this study is to demonstrate that the pressure differential method can also be employed to prepare Al nanowires by suitably controlling the process parameters, namely, the metallic film thickness and the heating time during the injection phase of the process. The remaining part of the paper is organised as follows. The next section presents the experimental procedure used to prepare AAO substrates with varying pores dimensions. This section also describes the experimental technique followed to deposit Al on the AAO templates as well as the method employed to inject Al into the AAO pores. Then, the results obtained are presented, and finally the conclusions reached and perspectives for future work are given.
Experimental Procedure

Fabrication of the AAO Templates.
The AAO substrates were fabricated using the two-step anodization process. In particular, Al foils with dimensions 30 mm × 20 mm × 0.15 mm and 99% purity were annealed in an electric furnace. Prior to and following the annealing, the foils were cleaned in an ultrasonic bath with acetone for 5 minutes. Next, the Al samples were treated with a sodium hydroxide (NaOH) solution for 2 minutes in order to remove the oxide layer produced during the annealing step. The samples were then washed with deionized (DI) water before being chemically polished in a solution comprised of 3.5 mL phosphoric acid (H 3 PO 4 ) and 4.5 g of chromium trioxide (CrO 3 ) dissolved in 96.5 mL of water. This polishing step was conducted at 80 ∘ C for 10 minutes. The cleaned and polished Al samples were then anodized at 40 V in 0.3 M oxalic acid for 1 hour using a stainless steel sheet as the cathode. Three samples were produced in this way at the respective temperature of 17 ∘ C, 19 ∘ C, and 25 ∘ C in order to study the influence of the temperature applied during the first anodizing step on the resulting pore diameters. In order to keep the temperature constant during this step, the anodizing cell was cooled in a bath of liquid monoethylene for which the temperature was controlled with a chiller and monitored with a K-type thermocouple. Following this, the aluminium oxide porous film formed was stripped off using a solution of H 3 PO 4 (8.75 mL), CrO 3 (5 g), and water (241.25 mL) at 50 ∘ C for 10 minutes. The samples were then washed in DI water and dried. The purpose of this first anodization step is to generate periodic concave hexagonal structures on the Al substrate which can act as the seed pattern for the second anodization. This second step was conducted under the same conditions as the first anodization with the exception that it lasted for 11 hours. Following this, the samples were washed in DI water, and a pore widening treatment was conducted by immersing the samples in a solution of H 3 PO 4 (5 mL) and water (95 mL) at 50 ∘ C for 10 minutes. 
Fabrication of Al Nanowires by Differential Pressure Injec-
tion. An electron beam (e-beam) evaporation system from Edwards (type Auto 500) was used to deposit the aluminium film on top of the surface of the AAO samples. Table 1 summarises the parameters used during this evaporation process. In particular, the evaporation pressure utilised was 4⋅10 −6 mbar, which is well above the pressure required for the injection of the Al melt as calculated in the previous section. Following this deposition step, the AAO substrates were placed in an electric furnace at 700 ∘ C, which was just above the melting point of Al (660 ∘ C), for 50 s under atmospheric pressure.
The final step consisted in dissolving the AAO substrates in order to reveal the nanowires. For this, a solution of sodium hydroxide with a concentration of 5 g NaOH + and 100 mL of water was used for 10 minutes. The samples were then washed in deionized water.
Characterisation
Techniques. An atomic force microscope (AFM) from Angstrom Advanced (type CSPM-AA3000) was used in noncontact mode to inspect qualitatively the surface of the AAO samples prepared. Figure 2 shows an example of an AFM scan obtained for the sample anodized at a temperature of 19 ∘ C. In addition, a dual focused ion beam (FIB) and scanning electron microscope (SEM) system from Carl Zeiss (type XB1540) were utilised for the complementary quantitative analysis of the AAO samples. In particular, the SEM micrographs obtained were used to measure the pores diameters and the interpore distance, while the FIB was employed to mill the surface of the AAO specimen and thus to reveal their cross-sections. The thickness of the Al film deposited prior to the injection step was measured using a Dektak surface profiler. Finally, X-ray diffraction (XRD) analysis (Shimadzu XRD 6000) and SEM micrographs were obtained to characterise the produced nanowires. Figure 3 shows an example of an SEM micrograph obtained when inspecting the AAO specimen prepared at 17 ∘ C. Such SEM micrographs were recorded for all the samples and in this way, the dimensional characteristics of the AAO substrates could be measured as a function of the anodizing temperature as shown in Table 2 .
Results and Discussion
As it can be seen from this table, the pore diameter increased with the augmentation of the anodizing temperature. This result is consistent with observations made in other studies [13] . This is due to the fact that as the temperature of the electrolyte (i.e., the oxalic acid) is raised, the electrolyte capability for dissolving the aluminium ions also increases. A better uniformity of pore distribution could be obtained by utilising a lower anodizing temperature. However, this also comes at the cost of increasing the anodization time. Table 2 also indicates that the average interpore distance and pore density, respectively, increase and decrease with the augmentation of the anodizing temperature. Figure 4 shows a cross-section of the AAO substrate produced at 17 ∘ C where the high aspect ratio nanochannels are clearly visible. This cross-section was prepared by milling a pocket on the AAO specimen using the FIB system. It should be noted that the surface roughness of the AAO substrate prepared at 25 ∘ C was observed to be particularly rough. This was a result of instability in current density measured after 8 hours during the second anodization step. Thus, this suggests that such a high temperature is not recommended for the fabrication of AAO specimen. The thickness of the Al layer deposited on the AAO substrates was 1.4 m. Figure 5 shows the obtained SEM micrographs for the nanowires produced at 17 ∘ C and 19 ∘ C. The AAO substrate prepared at 25 ∘ C did not lead to the formation of nanowires. This was due to the fact that the surface of this specimen was too rough for ensuring a complete sealing of the AAO pores by the deposited Al. The average diameters of the nanowires were measured to be 55 nm and 65 nm for the AAO substrate produced at 17 ∘ C and 19 ∘ C, respectively. The high aspect ratio of the produced nanowires, which can be seen in Figure 5 , is most likely responsible for their agglomeration in a tree-shape structure. Finally, the XRD spectrum for the Al nanowires synthesis with the AAO substrate produced at 19 ∘ C is given in Figure 6 . This figure shows the presence of Al peaks at (2 ) values of 38.29 ∘ , 44.54 ∘ , and 64.95 ∘ , which are in good agreement with standard XRD tables.
Conclusions
Compared to other types of metals, studies focussing on the fabrication of nanowires in aluminium are scarce despite their potential applications in high-density and high-resolution microelectronic devices and energy storage systems. The research reported here demonstrated that it is possible to use a simple technique that relies on the pressure differential between the inside of the nanochannels of an AAO substrate and the ambient atmosphere to inject molten Al into the AAO pores. This technique had been investigated previously on one occasion for the formation of Al nanotubes and referred to as "two-step evaporation method. " However, in the case of the study reported here, the technique is more accurately described by the term "differential pressure injection method. " In particular, the authors do not believe that evaporation plays a role in filling the AAO pores during the injection process given that the temperature used for this step is just above the melting point of the injected metal. In order to use the technique successfully, this study suggests that it is important to ensure a complete sealing of the AAO nanopores through the evaporation of Al prior to the injection step. However, attention must be paid to ensure that a high level of surface finish is achieved first on the surface of the AAO samples. Thus, future work should focus on this particular aspect as well as on the systematic study of the influence of the applied injection parameters, such as the thickness of the melt and the heating time and temperature, on the characteristics of the synthetized nanowires.
